Clustered regularly interspaced short palindromic repeats (CRISPR) loci and their associated cas (CRISPR-associated) genes provide adaptive immunity against viruses (phages) and other mobile genetic elements in bacteria and archaea. While most of the early work has largely been dominated by examples of CRISPR-Cas systems directing the cleavage of phage or plasmid DNA, recent studies have revealed a more complex landscape where CRISPR-Cas loci might be involved in gene regulation. In this review, we summarize the role of these loci in the regulation of gene expression as well as the recent development of synthetic gene regulation using engineered CRISPR-Cas systems.
Introduction
CRISPR-Cas systems have been characterized as a small RNA-based immune system of bacteria and archaea [1] [2] [3] [4] . The CRISPR locus harbors an array of short repetitive sequences (30-40 base pairs) separated by equally short "spacer" sequences. CRISPR function was initially inferred from the observation that spacer sequences match the genome of phages and mobile genetic elements of bacteria and archaea [5] [6] [7] . Transcription and processing of the repeat-spacer array results in the accumulation of small CRISPR RNAs (crRNAs) that contain a full or partial spacer sequence [8] [9] [10] [11] . crRNAs function as a guide that directs a Cas ribonucleoprotein complex to the target sequence (also known as protospacer) [12] [13] [14] [15] . Cleavage of phage or plasmid DNA by crRNA:Cas complexes protects cells against viral infection or other invading DNA elements [16] [17] [18] . DNA cleavage can be achieved even in the presence of mismatches between the crRNA spacer sequence and the target sequence, a feature that extends the level of protection of a crRNA, that is, different phages with similar but not identical target sequences can be repelled by the CRISPR-Cas system using the same spacer [19] . However, complementarity in a "seed" region, a sequence that is usually 8 to 12 nucleotides (nts) long, is absolutely required for cleavage, and mismatches between the crRNA and its target in this region prevent CRISPR immunity [19, 20] . A second requirement for cleavage is the presence of a short nucleotide motif flanking the target (known as the protospacer adjacent motif, or PAM) [11, 12, 21] . The PAM sequence is different in differing CRISPR-Cas systems. As a consequence of these two requirements, phages can evade CRISPR immunity by introducing single-nucleotide mutations in either the seed or PAM sequences [16, 21, 22] . Last but not least, a fundamental feature of CRISPR-Cas systems is their ability to capture new spacer sequences from foreign DNA. Cells can gain immunity against infecting viruses or plasmids by incorporating new spacer sequences that match the viral or plasmid genome [16, [23] [24] [25] . Thus, the spacer sequences of a CRISPR array represent a memory of the viral infections and encounters of the host bacterium with mobile genetic elements.
CRISPR-Cas systems are very diverse: they differ in the number and nature of the associated cas genes, the repeat sequence, and the number of repeat-spacer units. Based on their cas gene content, CRISPR-Cas systems have been classified in three main types, each containing different subtypes [26] that display different mechanisms for the biogenesis of crRNAs and the targeting of the invasive nucleic acid. In type I CRISPR-Cas systems, the crRNA precursor (a long transcript containing all repeats and spacers of the CRISPR array) is processed into small crRNAs by the Cas6 endoribonuclease associated with a complex composed by other Cas proteins named Cascade (CRISPR-associated complex for antiviral defense) [8] . Loaded with the crRNA guide, the Cascade guides the Cas3 nuclease to cleave the DNA of the invader [12] . In type II CRISPR-Cas systems, processing of the crRNA requires Cas9, the tracrRNA (trans-activating crRNA, a small RNA antisense to the repeat sequence), and RNase III (which cleaves the tracrRNA:repeat doublestranded RNA [dsRNA] to liberate small crRNAs, see Figure 1 ) [11] . Cas9 cleaves dsDNA at sites specified by the crRNA [14, 15] . Finally, type III systems, similarly to type I systems, utilize Cas6 to cleave the precursor into small crRNAs [10, 27] . However, different subtypes target different substrates. In subtype III-A, DNA is targeted [17] , although the nuclease or proteins that execute CRISPR immunity are unknown. In subtype III-B, in vitro experiments have shown that a complex composed of Cmr (Cas module receptor activity-modifying proteins [RAMP]) proteins cleaves RNA molecules that are complementary to the crRNA guide [28] . This diversity in the machinery and function of CRISPR-Cas systems has led to the hypothesis that they might not all have the same function [28] . The common features shared by all CRISPR-Cas systems are (a) the ability to acquire new spacers and (b) the presence of RNA-guided Cas proteins with DNA-and RNA-binding and cleavage activities. (a) Genetic organization of the type II-A CRISPR-Cas system of Streptococcus pyogenes SF370. The cas operon is composed of four genes, cas9, cas1, cas2, and csn2; the last three are thought to be involved in the acquisition of new spacer sequences. This operon is followed by the CRISPR array containing seven repeats (white boxes, 36 nt long) and six spacers (numbered, colored boxes, 30 nt long) that match different S. pyogenes bacteriophages. Preceding the cas operon and transcribed in the other direction is the trans-activating CRISPR RNA (tracrRNA) gene, which encodes a small RNA with homology to the repeat sequences. (b) CRISPR RNA (crRNA) processing. The CRISPR locus is transcribed as a long precursor (the crRNA precursor) containing repeats (grey line) and spacers (colored lines). Assisted by Cas9, the tracrRNA interacts with each repeat sequence to generate a double-stranded RNA (dsRNA) that is cleaved by RNase III, thus liberating the small crRNAs from the precursor. Further processing at the 5 0 end of the crRNA shortens the length of the guide sequence to 20 nt. Black arrowheads indicate the sites of RNA processing. (c) Targeting. Cas9 scans the genome (dsDNA) of the invader to find a region of complementarity with the guide crRNA and introduces a dsDNA cut using two independent nuclease domains, one for each DNA strand, RuvC and HNH. A requirement for cleavage is the presence of an NGG sequence (known as protospacer adjacent motif, or PAM) immediately downstream of the target site. Abbreviations: cas, CRISPR-associated; CRISPR, clustered regularly interspaced short palindromic repeats; nt, nucleotide.
In principle, these proteins can participate in the regulation of gene expression acting on DNA or RNA molecules.
In this review, we will discuss examples of gene regulation by natural CRISPR-Cas systems and then focus on the recent engineering of RNA-guided Cas proteins as tools for the control of gene expression.
Self-targeting spacers
The existence of self-targeting spacers in CRISPR arrays suggests the possibility that some CRISPR systems might be involved in gene regulation. The presence of such spacers is surprising considering that self-targeting is known to lead to cell death [22, [29] [30] [31] . A bioinformatics study revealed that approximately 18% of CRISPRencoding organisms carry a spacer targeting the organism's own genome [32] . However, most of the time, the presence of such spacers can be explained by the mutation or deletion of the cas genes or the absence of a PAM motif that would prevent autoimmunity. Moreover, selftargeting spacers are strongly over-represented among the first spacers of the array, indicating that their acquisition was recent. Together, those facts strongly suggest that the acquisition of a self-targeting spacer is detrimental, leading to autoimmunity, and selects for the loss of CRISPR function.
Experiments in Escherichia coli, where the acquisition machinery alone was overexpressed, have confirmed that the acquisition of self-targeting spacers does occur in vivo [24] . Such events would most likely lead to cell death in the presence of a functional CRISPR-Cas system unless autoimmunity is avoided by the acquisition of spacers whose targets lack a proper PAM. An analysis of the protospacer sequences of the Streptococcus agalactiae CRISPR systems revealed that such PAM-less spacers can be the result of an improper acquisition event in which the spacer is integrated into the CRISPR array in the wrong orientation [33] . It remains to be determined if such spacers could mediate DNA binding without cleavage and affect target transcription and hence gene expression.
The general rule is that functional CRISPR systems do not coexist with a perfect target in the same genome. An exception to this rule might be the case of the type I-E system found in Pelobacter carbinolicus DSM2380 [34] . In this system, the last spacer of a 111 spacer-long array perfectly matches the essential histidyl-tRNA synthetase gene hisS, and the target displays a PAM sequence typical of type I-E systems, AAG [25] . The fact that this hisS targeting spacer is found at the very end of the array suggests that it was acquired a long time ago, while the large size of the array suggests that the system remained active after the hisS-targeting spacer acquisition. This spacer was shown to be transcribed in P. carbinolicus, but the functionality of this CRISPR-Cas system could not be ascertained because of the lack of genetic tools for this bacterium. The authors of this study nevertheless argue that the acquisition of this spacer might have downregulated the expression of the hisS gene, which drove a reduction in the usage of histidines in P. carbinolicus proteins compared to closely related organisms.
Gene regulation mediated by small CRISPR-Cas-associated RNA
The most conclusive example of gene regulation by a CRISPR-Cas system comes from a recent study of the intracellular pathogen Francisella novicida. Gene FTN_0757 was identified in a screen for virulence factors and was shown to repress the production of a bacterial lipoprotein (BLP), which induces an inflammatory response [35] . FTN_0757 turned out to be a member of the Cas9 protein family of the type II CRISPR-Cas systems ( Figure 2a ) [36] . Whereas, Cas9 and the tracrRNA were required for BLP repression in F. novicida; the CRISPR array was dispensable. The tracrRNA was found to carry approximately an 85-nucleotide region of imperfect complementarity to the BLP messenger that encompasses the start codon (Figure 2b ), but is not sufficient to provide repression by itself, as it requires Cas9 as well as a novel CRISPR-associated RNA, the scaRNA (small CRISPRCas-associated RNA) [36, 37] . The scaRNA consists of a degenerate CRISPR repeat sequence with an approximate 20-nucleotide region of complementarity to the tracrRNA located immediately upstream of the CRISPR array. Both of these complementarity regions are essential for the Cas9-mediated repression of the BLP gene and, as a consequence of their interactions, the BLP mRNA is degraded. It remains to be determined if Cas9 is directly or indirectly involved in the degradation of mRNA-for example, by recruiting an mRNA nuclease or by blocking translation, which could in turn lead to early termination and mRNA degradation.
Whether crRNAs generated by the CRISPR array in F. novicida can work with this special tracrRNA to direct either interference or regulation remains to be tested. The most likely explanation for the evolution of BLP regulation is that a CRISPR locus involved in the protection against phages and mobile genetic elements was co-opted to perform a new function. Interestingly, Stern and colleagues predicted a similar scenario when considering the possibility of CRISPR-mediated regulation of gene expression [32] . The authors analyzed the possible function of self-targeting spacers-that is, spacers whose sequence matches a sequence present elsewhere in the chromosome-and argued that these were unlikely to be involved in gene regulation because the spacer content of CRISPR loci is too dynamic. Instead, they hypothesized that CRISPR-mediated gene regulation would have to be encoded in a more stable way if it is to be sustained, and proposed that regulation could be achieved by "atypical" CRISPR structures, possibly composed of a single spacer and altered repeats, making them more stable. This is in essence a description of the tracrRNA found in F. novicida.
An indication that this regulation was selected and is not purely accidental is the fact that the repression of BLP by Cas9 appears to be itself regulated. A 100-fold induction of cas9, tracrRNA, and scaRNA RNAs was observed when bacteria were inside phagosomes, where BLP downregulation allows evasion of the host immune defenses and promotes bacteria survival [36] . While the predominance of tracrRNA:scaRNA-mediated regulation remains to be investigated, its discovery in F. novicida suggests that CRISPR-Cas loci can be easily converted to regulatory elements. A deletion of Cas9 in Neisseria meningitidis affected virulence traits, such as adherence and invasion of human epithelial cells [36] , suggesting a broad role for Cas9 in the regulation of pathogenesis.
CRISPR interaction with an imperfect target could mediate gene regulation
Several studies have suggested that CRISPR interaction with an imperfect target could mediate gene regulation. Early evidence comes from work in the bacterium Pseudomonas aeruginosa, where a type I-F CRISPR-Cas system is involved in the inhibition of biofilm formation [38] . P. aeruginosa PA14 carries two CRISPR systems (CR1 and CR2). The first spacer of CR2 (CR2_sp1) has imperfect complementarity with a gene of the lysogenic phage DMS3 (DMS3-42). The interaction between CR2-sp1 and DMS3-42 was found to be responsible for biofilm inhibition in this strain and requires the presence of cas genes in addition to CR2-sp1 [39] . Restoring a perfect complementarity between the spacer and its target resulted in efficient immunity against DMS3 phage infection [23] . It is thus hypothesized that the presence of mismatches between CR2-sp1 and its DMS3-42 target allows for their coexistence in the same cell by preventing effective CRISPR immunity against the lysogen. Curiously, while deletion of DMS3-42 restored biofilm formation in a CRISPRpositive strain, it was also shown that the DMS3-42 protein itself was not required for the inhibition phenotype. How exactly this CRISPR interaction with the DMS3 lysogen inhibits biofilm formation remains a mystery. We believe that inefficient interference due to the mismatches could still lead to some degree of DNA cleavage, inducing repair pathways that might have pleiotropic effects. Alternatively, the expression of genes in the 17 kb operon, where DMS3-42 is located, could be affected by Casprotein binding either to DNA or to the mRNA and might play a role in biofilm formation.
Other studies have reported phenotypic effects caused by CRISPR interaction with an imperfect target. During a study of the Tat protein secretion system in E. coli, Perez-Rodriguez and colleagues constructed a plasmid carrying a fusion between a Tat signal found in the ssTorA leader peptide and a green fluorescent protein (GFP) reporter [40] . They found that an interaction between the sstorA sequence and a spacer (spacer5) of the E. coli type I-E CRISPR-Cas was responsible for GFP silencing. The observed reduction in fluorescence was actually due to a reduction in the plasmid copy number that was dependent on the cas genes as well as on the homology between spacer5 and its target. In principle, DNA binding without cleavage of the spacer5 ribonucleoprotein complex to the reporter plasmid could affect its replication or stability. However, the region of homology between spacer5 crRNA and its target presents none of the characteristics that have been shown to be essential for the binding of the E. coli crRNA-Cas nucleoprotein complex to its target DNA: there is neither homology within the seed sequence [19] nor a proper PAM sequence [12] flanking the sstorA target. Thus, we believe that another hypothesis could be explored: an interaction between the spacer5 crRNA and the sstorA-gfp reporter mRNA might affect the plasmid copy number.
A final example of a mysterious interaction involving crRNAs occurs in the bacterial pathogen Listeria monocytogenes. Here, an orphan CRISPR array (lacking nearby cas genes) was shown to be expressed but not processed into small crRNAs. This non-coding RNA, named RliB [41] , was shown to bind and affect the expression of the lmo2104 and lmo2105 genes, encoding the ferrous iron transport proteins FeoA and FeoB, respectively, and affecting virulence in a mouse model of listeriosis.
RNA-targeting CRISPR systems
Early predictions of CRISPR-Cas function suggested the possibility that these loci could be involved in gene regulation in a mechanism similar to eukaryotic RNA interference (RNAi) [42] . However, as opposed to RNAi, the target of most CRISPR types was found to be DNA [17, 18] . A notable exception is the type III-B CRISPR-Cas system of the euryarchaeon Pyrococcus furiosus. In these organisms, a Cas protein complex, also known as CMR complex, was purified [28] . The complex co-purified with processed and matured crRNAs that could direct the cleavage of a target RNA sequence that matches the crRNA guide. A PAM sequence is not necessary for this cleavage [43] . Another type III-B CMR complex purified from Sulfolobus solfataricus was also shown to cleave RNA in vitro [44] , adding generality to the notion of RNA targeting CRISPR-Cas systems. Moreover, type III-B CRISPR-Cas systems are frequently found together with other systems in the same genome, suggesting that they may have a distinct function not carried by the other coexisting CRISPR loci. However, it is still unclear whether type III-B CRISPR-Cas systems are involved in viral defense and/or gene regulation as none of the 200 spacers found in the seven CRISPR loci carried by P. furiosus have matches in the databases. Because neither known phages nor endogenous genes are targeted, it is difficult to infer their function. An additional conundrum is the acquisition of new spacers by these systems. Unless dsRNA phages are the target, if single-stranded RNA (ssRNA) phages or transcripts are targeted, a mechanism would have to ensure that newly acquired spacers are integrated in the correct orientation to produce a crRNA antisense to the ssRNA genome.
Synthetic control of gene expression by Cas proteins
Recently, two groups showed that the type II-A CRISPR system of Streptococcus pyogenes, known to direct DNA cleavage, could be engineered to repress gene expression [45, 46] . The crRNA-guided dsDNA nuclease of this system, Cas9, carries two catalytic sites, a RuvC-like domain and an HNH nuclease domain, each cleaving one strand of the target DNA [14, 15] . To generate an RNA-guided DNA-binding protein (dCas9), mutations that abolish DNA cleavage were introduced in each domain. dCas9 can be directed to bind its target either by a crRNA in the presence of the tracrRNA or by an engineered single-guide RNA (sgRNA) that consists of a fusion between the tracrRNA and the crRNA [14] . The binding of dCas9 to the promoter region of a reporter gene blocks transcription initiation (Figure 3a) , while binding to the coding strand of the open reading frame was shown to block transcription elongation (Figure 3b ) [45, 46] . Therefore, co-expression of dCas9 and its guide RNA provides a simple way to shut down expression of any gene (specified by the guide RNA sequence) in the genome. While dCas9 can dramatically repress the expression of bacterial genes by itself, the fusion of a chromatin modifier domain (KRAB, Mxi1) to dCas9 was required for efficient repression in eukaryotic cells [47] . When Cas9 is under the control of an inducible promoter, repression can be reversible [46] . In addition, by using multiple guide RNAs, dCas9 can repress several genes at the same time independently [46, 47] . Finally, RNA-sequencing studies showed the high specificity of this technology, since only the abundance of the transcript of the targeted gene was reduced upon dCas9 expression [46, 47] . Interestingly, the catalytically active Cas9 can also direct repression in bacteria [45] . While a small number of mismatches between the 5 0 end of the crRNA:target interaction were sufficient to abolish the cleavage activity of Cas9, the binding and repression activity were indistinguishable from that of dCas9 in the same conditions. Such repression by wildtype Cas9 could have a role in CRISPR immunity. Target mutations are frequently found in phages that escape CRISPRmediated cleavage. We suggest that the ability of Cas9 to repress gene expression could represent a second line of defense to prevent phage infection by phage "escape" mutants; that is, phages carrying mutations in the target site that prevent Cas9 cleavage will not be able to mount a successful infective cycle if an essential gene is repressed. Furthermore, since there is substantial repression with as little as 10 matches between the crRNA and its target, it is possible that newly acquired spacers can by chance cause repression of host genes. Whether such regulation could, in some instances, be beneficial and selected for is not known.
Finally, dCas9 can also be used to activate transcription, both in mammalian and bacterial cells. In eukaryotes, this was achieved simply by fusing different transcription activator domains (VP64, p65) to dCas9 [44] . In bacteria, dCas9 was fused to the w subunit of the RNA polymerase (RNAP) [45] , a strategy that was previously used to activate transcription using the DNA-binding activity of the bacteriophage lambda repressor protein cI [48] . In both cases, the targeting of the dCas9-activator fusion protein to promoter sequences can recruit the RNAP and induce gene expression. Combined with dCas9-mediated repression, this technology offers the possibility to easily control the expression of any gene or combination of genes and will certainly impact on the study of genetic networks and the construction of synthetic systems for biotechnological purposes.
Conclusions
A large body of evidence has now been accumulated that demonstrates a function for CRISPR-Cas systems as an immune pathway to prevent the infection of phages and other mobile genetic elements. The fact that the large majority of spacers found in CRISPR arrays target foreign sequences suggests that CRISPR-Cas evolution is driven by their function as an immune system rather than by their potential to regulate gene expression. Recent studies, however, clearly established the ability of CRISPR-Cas systems to regulate gene expression by different mechanisms, both in natural and synthetic systems. How profound the impact of this regulation on bacterial physiology is at the moment currently remains unknown. Whether the acquisition of new spacers can be used to regulate the expression of bacterial genes is also unknown. If this were the case, CRISPR-Cas systems would offer a simple mechanism for the adaptation to changing environments through the creation of novel regulations. Finally, it is important to note that only a very small fraction of the CRISPR-Cas systems have been carefully studied. The great diversity of CRISPR loci is likely to offer many surprises.
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